We calculate the nucleon axial form factor up to the leading one-loop order in a covariant chiral effective field theory with the ∆(1232) resonance as an explicit degree of freedom. We fit the axial form factor to the latest lattice QCD data and pin down the relevant low-energy constants. The lattice QCD data, for various pion masses below 400 MeV, can be well described up to a momentum transfer of ∼ 0.6 GeV. The ∆(1232) loops contribute significantly to this agreement. Furthermore, we extract the axial charge and radius based on the fitted values of the low energy constants. The results are: gA = 1.237(74) and r 2 A = 0.263(38) fm 2 . The obtained coupling gA is consistent with the experimental value if the uncertainty is taken into account. The axial radius is below but in agreement with the recent extraction from neutrino quasi-elastic scattering data on deuterium, which has large error bars. Up to our current working accuracy, rA is predicted only at leading order, i.e., one-loop level. A more precise determination might need terms of O(p 5 ).
I. INTRODUCTION
Nucleon form factors are basic quantities characterizing the nucleon and hence are of fundamental importance in our understanding of hadron structure. One of the most important quantities is the nucleon isovector axial form factor. This is not only because its value at zero momentum transfer defines the prominent nucleon axial charge g A , but also due to the relevance of its momentumtransfer dependence to experimental processes such as (quasi)elastic neutrino-nucleon scattering, whose precise understanding is crucial to achieve the precision goals in the determination of neutrino-oscillation parameters [1] .
The nucleon axial charge describes the difference of the spins carried by the u and d quarks in the proton. Experimentally, its value is very accurately determined through neutron β-decay, g A = 1.2723 (23) [2] . Extractions of the momentum-transfer dependence of the axial form factor are far more demanding and rely on pion electroproduction, neutrino-induced charged-current quasielastic scattering on deuteron targets and weak capture in muonic hydrogen [3] [4] [5] [6] [7] . The determination by the MiniBooNE neutrino experiment [8] should not be used as a reference because data were taken on a 12 C target and included a sizable contribution from two-nucleon currents; details can be found for instance in Sec. III of Ref. [9] and references therein.
On the side of lattice QCD, there are several determinations of the axial charge, for instance in Refs [10] [11] [12] [13] [14] [15] . Yet, values lower than the experimental one have been recurrently obtained. Recently, progress has been made by using improved algorithms, and experimentally consistent results have been obtained [16] [17] [18] . More importantly, lattice studies of the momentum-transfer depen-dence of the axial form factor have also been accumulated [17] [18] [19] [20] [21] [22] [23] . On the one hand, these results have been analyzed using the dipole ansatz [Eq. (5) below] and, more recently, with the more general z-expansion [24] . On the other hand, the extrapolation of the lattice results to the physical limit has been performed with formulae obtained in chiral perturbation theory (ChPT) [25] [26] [27] [28] . However, instead of the above procedure, it is more efficient and systematic to study both the pion mass and momentum-transfer dependences of the nucleon axial form factor in baryon chiral perturbation theory (BChPT).
ChPT has proved to be a powerful tool at low-energies and is widely used in modern hadronic physics. The axial form factor up to one-loop level has been calculated in Refs. [29] [30] [31] , with the framework of heavybaryon ChPT (HBChPT), and in Refs. [32, 33] , within relativistic baryon ChPT, using different renormalization schemes such as the infrared regularization (IR) prescription [34, 35] and the extended-on-mass-shell (EOMS) scheme [36, 37] . Therein, the explicit contribution involving the ∆(1232)-resonance is included only in Ref. [31] using HBChPT. The non-analytical part of the axial form factor at two-loop level can be found in Ref. [38] ; this study has been recently summarized in Ref. [39] . As for g A , calculations are more advanced: a full two-loop result of HBChPT is available in Ref. [40] and a full one-loop result with EOMS scheme in covariant BChPT was obtained in Ref. [41] . To the best of our knowledge, only the non-relativistic chiral results of g A have been compared to lattice QCD data [42] [43] [44] . However, due to the progress of lattice QCD calculations, it is now feasible to compare the chiral axial form factor to the wealth of lattice QCD data. The octet-baryon axial charges have also been extensively studied using HBChPT [45] [46] [47] , IR [48] and EOMS [49] . The approach of Ref. [49] closely resembles the one adopted here.
In the present work, we calculate the nucleon axial form factor up the leading one-loop order in a covariant BChPT with explicit ∆(1232) (simply ∆ from now on).
By applying the EOMS scheme, the ultraviolet (UV) divergences and polynomials of power-counting breaking (PCB) terms from the loops are absorbed in the parameters appearing in the chiral effective Lagrangian. With these choices, our calculation is encompassed in a unified framework, which can be applied to all possible observables. In such a consistent treatment, low energy constants (LECs) extracted in specific processes can be reliably used in other studies. In particular, we adopt ∆ LECs obtained earlier from πN scattering within the same approach and at the same chiral order.
Our covariant chiral representation of the axial form factor has the correct power counting and keeps the proper analytical properties, being hence appropriate for performing chiral extrapolations. We fit our chiral result of the axial form factor to the latest lattice QCD data [17, 18, 23] at various pion masses and up to Q 2 ≡ −t = 0.36 GeV 2 with t being the momentumtransfer squared. For comparison, the case without the contribution of explicit ∆ is investigated as well. The fitted data are well described and the involved low-energy constants are pinned down. Based on the fitted values of the LECs, we extract the axial charge and radius. Their expressions are shown explicitly for easy reference in the future.
The paper is organized as follows. Section II contains the details of our calculation within BChPT. The definitions of axial form factor, charge and radius are introduced in section II A. The effective Lagrangians and the chiral results are specified in sections II B and II C, respectively. The numerical study is described in section III. Our fitting procedure is explained in section III A. In section III B, the extractions of the axial charge and radius are discussed. We summarize in section IV. Explicit loop expressions of the axial charge and radius are relegated to Appendix A.
II. AXIAL FORM FACTOR IN BCHPT

A. Definitions
The isovector axial current of light quarks in QCD is written as the local bilinear operator
of the quark-field doublet q = (u, d) T ; τ i (i = 1 − 3) are the Pauli isospin matrices. In the isospin limit, the transition matrix element of the this current between nucleon states is decomposed as
where t ≡ −Q 2 ≡ q 2 and q = p′ − p is the momentum transfer; u(p) is the Dirac spinors of a nucleon with momentum p, while m N denotes the nucleon mass. Here G A (t) and G p (t) are called the nucleon axial and induced pseudoscalar form factors, respectively. Of our current interest is the axial form factor, which can be expanded in the region of small t as
with g A ≡ G A (0) being the axial-vector charge. The slope of G A (t) at t = 0 defines the nucleon axial radius squared
related to the so-called axial mass M A present in the dipole ansatz of the axial form factor
which is extensively used to fit experimental data and lattice QCD results.
B. Chiral effective Lagrangian
For the calculation of the axial form factor, we employ the relativistic baryon chiral perturbation theory with pions, nucleons and ∆ as explicit degrees of freedom. The standard power counting [50] is used for diagrams involving only pion and nucleon lines. For diagrams with ∆ lines, the power counting introduced in Refs. [51, 52] and usually referred to as the small-scale expansion (SSE) is applied. In SSE, the mass difference δ = m ∆ − m N is counted as of order O(p). Although we adopt SSE for the power counting, in our covariant calculations no expansion in powers of δ is performed. A different counting rule proposed in Ref. [53] assumes δ ∼ p 1/2 to preserve the hierarchy p ∼ M π ≪ δ. As this condition does not hold for many of the lattice results used in the present study, we stick to SSE.
Up to and including O(p 3 ), the following terms of the chiral effective Lagrangian are needed,
where superscripts and subscripts denote the chiral order and the involved degrees of freedom, respectively. The leading πN Lagrangian reads
where Ψ is the nucleon field, while m and g are the bare nucleon mass and the axial charge in the chiral limit, respectively. Discarding external vector fields, the covariant derivative D µ acting on the nucleon field and the chiral vielbein u µ are defined as
and a µ = a i µ τ i /2 is the external axial field. After fixing redundant terms [54, 55] , the leading π∆ and πN ∆ terms in the Lagrangian can be cast as
and
where Ψ ν is the vector-spinor isovector-isospinor RaritaSchwinger field of the ∆-resonance with a bare mass m ∆0 and ξ
are the isospin-3/2 projectors. Explicit expressions of ξ 3 2 kl Ψ l ν in terms of the physical ∆ states can be found in Eq. (3.8) of Ref. [56] . The covariant derivative acting on the ∆ fields is defined by
π∆ and L (1) πN ∆ are consistent in the sense that they are invariant under the so-called point transformation [57, 58] , so as to compensate the spurious unphysical components of the Rarita-Schwinger field.
Next to leading order contributions to the isovector axial form factor arise also from
where
. These counterterms absorb divergences stemming from the loops.
C. Leading one-loop results
The relevant Feynman diagrams contributing up to our accuracy, i.e., leading one-loop order, are shown in Fig. 1 . The ∆-less diagrams (a)-(f) have been calculated, e.g., in Ref. [32] . We obtain the same results except for the sign of the term proportional to d 22 from diagram (b). The calculations of diagrams (g)-(i) are more complicated due to the complexity of the ∆ propagator. Their contributions to the axial form factor are too lengthy to be shown explicitly. The nucleon wave function renormalization constant Z N can be calculated from its corresponding self-energy, including ∆ intermediate states [56, 59] . The leading-order tree-level diagram (a), multiplied by Z N , . In summary, the unrenormalized leading one-loop axial form factor in BChPT reads
A are implied. The UV divergences stemming from loops are subtracted within the MS − 1 (or MS) scheme. Specifically, the UV divergences are canceled by the infinite parts in the bare parameters g, d 16 and d 22 . The remaining UVfinite parts are denoted byḡ,d 16 andd 22 , respectively.
In the SSE counting, loops contribute at O(p 3 ). However, there are PCB terms due to the presence of internal matter fields, N and ∆, in the loops [60] . To restore the power counting, we adopt the EOMS scheme proposed in Refs. [36, 37] . Here it means that an additional finite shift ofḡ is carried out to cancel the PCB terms, finally leading to an EOMS-renormalized constantg A , which corresponds to the axial coupling in the chiral limit (see below). Eventually, we get the renormalized axial form factor,
where the bar over each loop contribution indicates that both the UV divergences and the PCB terms have been subtracted. Note that both the nucleon and ∆ bare masses, m and m ∆0 have been replaced by the physical ones, m N and m ∆ , once the resulting differences are of higher orders. Furthermore, the ∆ couplings g 1 and h A are also untouched by the renormalization procedure. As stated in section II A, the axial charge is defined as the axial form factor at t = 0,
Moreover, in view of Eq. (4), the slope of the axial form factor at t = 0 leads to the axial radius
The explicit expressions of the loop contributions g 
III. ANALYSIS OF LATTICE QCD DATA
A. Fitting procedure: ∆-less vs ∆-full Axial form factor results by several groups are available: RBC and UKQCD Collaborations [19] , LHPC [20] , ETM [21] , Ref. [22] , Ref. [17] (labeled by us as 'Cyprus'), Ref. [18] (labeled as 'Mainz') and PNDME [23] . In our fit procedure below, we include the latest lattice QCD data obtained using the two-state method by the Cyprus [17] with M π = 130 MeV, Mainz [18] collaborations with M π ∈ [193, 473] MeV, as well as the data by PNDME [23] collaboration with M π ∼ [130, 220, 310] MeV. These lattice data have the advantage that systematical errors are better controlled by using improved techniques. In particular, the excited-state contamination is carefully considered.
To assess the role of ∆ degrees of freedom, we perform fits without and with ∆ contributions, which are denoted as ∆-less fit (Fit-I) and ∆-full fit (Fit-II). Due to the limited range of chiral perturbative calculations, only the data in the range [0, Q In our numerical computation, we employ the following values for the physical masses and the pion decay constant: M Table I . The LECs values turn out to be of a natural size and the correlations are small. The corresponding plots for G A (Q 2 ) are shown in the upper panels of Fig. 3 . These ∆-less chiral results for G A (solid lines in the figure) exhibit a linear dependence in Q 2 . In the fitting range of Q 2 ∈ [0, 0.25 GeV 2 ] they are well compatible with the lattice QCD data, while above Q 2 ∼ 0.5 GeV 2 apparent discrepancies start to appear. As for the ∆-full fit, i.e. Fit-II, we first treat all the five LECs as free parameters. We find that the correla- [18] , while the magenta triangle without error bar (the error is too tiny to be shown) stands for the precise experimental value [2] . Right lower panel: prediction of the pion mass dependence of the axial radius. For comparison, the results obtained using the z-expansion are also shown as dots with error bars [18] ; the magenta square with error bars represents the recent extraction from neutrino quasi-elastic scattering data on deuterium (νD) [6] ; the turquoise diamond with errors stands for the determination from the weak capture rate in muonic hydrogen (µH) [7] . The inner bands represent the statistical errors obtained by varying the LECs within their 1-σ uncertainties. The outer bands stand for the total errors where the theoretical uncertainties (see the text for details) are added to the statistical errors in quadrature .
tions amongd 16 , g 1 and h A are quite large. Such large correlations lead to large errors. Besides, we have also checked that the five-parameter fit is very sensitive to the initial values of the fitting parameters. To tackle this issue, one has to fix at least two of them in the fit. Therefore, we improve our fit by using the central values, h A = 1.42 and g 1 = −1.21, determined from πN scattering in Ref. [56] , where the calculation was done up to the leading one-loop order in SSE scheme as well. The errors of h A and g 1 are not taken into account in the fit but will be included in the error budget presented in the next subsection. The resulting best-fit parameters are shown in Table II Fig. 4 . The Q 2 -dependence of G A is improved due to the inclusion of the loop contributions involving the ∆-resonance. For the sake of completeness and to show the analytic behavior of our results, we have plotted the form factor beyond the fitting region and up to Q 2 ∼ 1 GeV 2 both in Figs. 3 and 4 . As the applicability of BChPT breaks down at high Q 2 , the (dis)agreement of our results with lattice data in this Q 2 region should be regarded as accidental.
B. Extraction of the axial charge and radius
Based on the fitted values on Tables I and II, we can extract the axial charge g A and squared radius r 2 A by using Eq. (15) and Eq. (16), respectively. As error budget, we take into account two kinds of uncertainties. On the one hand, the statistical errors are propagated from the fitted parameters from a Monte Carlo simulation considering the normal distributions of the parameters in Ta-ble II. The error of h A = 1.42(2) is also considered. As for g 1 , it only appears in the loop contribution at nextto-next-to leading order in pion-nucleon scattering and hence can only be determined with a large error [56] . To avoid overestimating statistical errors from g 1 , we just use in the Monte Carlo simulation values which satisfy the ∆-width constraint on g 1 and h A , i.e., Eq. (11) of Ref. [61] . Note that we demand the ∆ width takes its Breit-Wigner value of 117±3 MeV, as quoted by PDG [2] . On the other hand, the theoretical error is estimated by truncation of the chiral series. We follow the method developed in Ref. [62] , where the chiral theoretical uncertainty of a prediction for a quantity O up to O(p n ) is assigned to
with n LO the leading chiral order. In our case we have O ∈ {g A , r 2 A } and use Q = M π /Λ b with Λ b ∼ 4πF π being the breakdown scale of the chiral expansion. Besides, the theoretical error in Eq. (17) is required to be larger than the actual higher-order contribution,
For the purpose of this estimate, we calculate the diagrams of O(p 4 ). There are only two diagrams, which have the same topologies as diagrams (d) and (e) in Fig. 1 but the vertices containing the axial current are now of O(p 2 ). The involved LECs are set to the values given by Fit II(a)-O(p 4 ) to pion-nucleon scattering data in Ref. [41] . Moreover, the pion mass in their contribution is fixed to its physical value. Otherwise, the width of the theoretical error bands would increase extremely fast with the pion mass.
Eventually, the pion-mass dependences of g A and r A with the inclusion of the explicit ∆ contribution is apparent from the lower-right panels.
In Fig. 5 , we show the convergence properties of the nucleon axial charge and radius using Fit-II parameters. The respective tree level, ∆-less loop and full loop contributions at O(p 3 ) are displayed as well. We find that the axial charge converges rapidly and the loop terms, including ∆, play a significant role in the convergence. Indeed, there exists a large cancellation between the ∆-less and ∆-loop (loops involving ∆) contributions at O(p 3 ) level. 
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FIG. 5:
Convergence of axial charge and radius. Contributions from different types of Feynman diagrams using Fit-II parameters are displayed. As benchmark, we show the results from Ref. [18] , which are denoted by the dots with error bars. The magenta triangle stands for the precise experimental value of gA [2] . The magenta square and turquoise diamond, with error bars, represent the recent extractions from data for neutrino quasi-elastic scattering on deuterium (νD) [6] and weak capture in muonic hydrogen (µH) [7] , respectively, using the z-expansion.
As for the axial radius, the chiral series start to contribute at O(p 3 ), and we are not able to properly assess its convergence within our current accuracy. Analogously to g A , a cancellation takes place: the loop contribution involving internal ∆ is negative while the other terms are positive.
At last, at the physical pion mass, we obtain g A and r 2 A , with the corresponding axial mass M A , shown in Table III . Although lower, both the extracted values of g A are consistent with the experimental determination, g A = 1.2723(23) [2] , when the errors are taken into account. The agreement is improved after the ∆ loops are taken into account. Regarding r 2 A , the result based on Fit-II is in agreement both with the recent extractions from neutrino quasi-elastic scattering data on deuterium [7] using the zexpansion. This observation indicates that the inclusion of the explicit contribution ∆-resonance improves the determination r 2 A significantly. On the other hand, when compared to earlier determinations [3] [4] [5] using the dipole ansatz of Eq. (5), which are consistent with the one of Ref. [6] but with much smaller error bars, the present values for the axial radius are too low. Besides the possible error-bar underestimation of dipole fits [6] , small axial radii could arise from the fact that r 
IV. SUMMARY
We have calculated the nucleon axial form factor up to O(p 3 ) in a covariant baryon chiral perturbation theory with pion, nucleon and ∆(1232) as degrees of freedom. The axial form factor at leading one-loop order is renormalized by making use of the EOMS scheme, which restores the correct power counting while respecting the analytic structure of the amplitudes. The pionmass and momentum-transfer dependences of the axial form factor are investigated by performing fits to recent lattice QCD data both without and with explicit ∆ contribution. Based on the fitted values of the involved LECs, we have studied the pion mass dependence of the axial charge and radius. We find that the inclusion of ∆ improves the chiral description of lattice QCD data significantly. Hence, we quote g A = 1.237(74) and r 2 A = 0.263(38) fm 2 from the ∆-full fit as our final results for the axial charge and axial radius squared at the physical pion mass. This determination of g A is in agreement with its experimental value within uncertainty. The value of r 2 A is consistent with a recent extraction from neutrino quasielastic scattering data on deuterium, given the large error bars. However, it is still small compared to earlier values extracted from experimental data. Apart from other aspects of the experiment-based determination of nucleon axial form factors and their errors, these discrepancies can stem from the systematical uncertainties of the lattice QCD data or the underestimated theoretical error of the chiral expansion. A more precise determination of r 2 A demands a chiral perturbative calculation at least at O(p 5 ) where actual chiral corrections are accounted for.
The explicit expression of the loop contribution to r 2 A reads 
